We studied the aboveground biomass density of plants, potentially available as a food supply for elephants, Loxodonta africana, in the Waza National Park, Cameroon during the dry season, from November 2009 through March 2010. The aboveground biomass of trees in the Woodland and Acacia seyal shrubland zones, were 16.87 tonsDM/ha and 10.99 tonsDM/ha respectively (mean 13.93 ± 4.16 tonsDM/ha). Aboveground biomass density in the herbaceous layer was 2.62, 4.21 and 6.9 tonsDM/ha, in the Woodland, Acacia seyal shrubland and Floodplain zones, respectively (mean 4.58 ± 2.16 tonsDM/ha), the difference between the vegetation zones being significant. The overall aboveground plant biomass density of the park averaged 13.86 ± 6.4 tonsDM/ha, however the harvestable food supply for elephants was a small portion of that estimate. The estimated plant biomass represented an average for the dry season, which is more useful for long-term planning purposes than for annual predictions of the level of forage production in the dry season. To minimize elephant encroachment into cultivated fields, it is necessary to estimate the park's carrying capacity and regulate the population size if necessary. This however will rely on the long-term prediction of forage production in the Waza National Park through continuous measurements of plant biomass density during the dry season.
Introduction
The Waza National Park (WNP) was set aside for the conservation of wildlife biodiversity, including the elephant (Loxodonta africana) population with an estimated size of 496 in 2010 [1] . This represents a decrease of 77.5% compared to a 1995 estimate of 1100 [2] , indicating that the Waza elephants are facing serious threats, specifically from poaching for ivory. Despite such a decrease in population number, in the last decade there have been recorded break-out movements of elephants, mainly in November (the beginning of the dry season), which resulted in an increase of human-elephant conflicts in areas around the park [3] , for reasons that remain to be explained. It was recently hypothesized that scarcity of food and water for the elephant population within the WNP could be the cause [4] . However, no relationship between the availability and quantity of forage and elephant abundance has been found. This leaves a void in the understanding of the interactions between elephants and their environment, and a setback for meaningful management programs. Assessing the total aboveground plant biomass, which is biomass density expressed as dry weight per unit area [5] , appeared to be a useful means of quantifying the amount of food resources available for elephants and other herbivores in the park during this critical period.
Plant biomass density is relevant to issues of animal foraging in the natural environment. For instance, the spatial distribution of foraging animals is strongly influenced by food availability [6] . Additionally, food resources change predictably, in quantity and quality, with the seasons, concurrently with changes in herbivore behaviour [7] . At the extreme, herbivores migrate long distances between seasonal feeding areas; Wildebeest and Caribou are among the best-known seasonal migrants [8, 9] . The importance of food supply for migratory populations has been emphasized by ecological studies on ungulates [10, 11] . In some conservation areas, limited supplies of food may regulate herbivore populations [12] . Large herbivores utilize their environment according to what plants are available in space and time, or by adapting to their social organization [13] .
Patterns of wild plant species use by elephants in the WNP revealed that out of 45 plant species recorded, elephants selectively foraged on 20 [14] . The low number of plant species consumed by the elephants is due to their dependence on cultivated crops, which have higher palatability and nutritive value than wild plants. It has been postulated that ungulates show a positive selection for plant species and plant parts that have the highest protein value [15] . The efficiency of digestion depends on a combination of the passage rate of food through the digestive track and the rate of nutrient extraction [16] , however the relationship between those two factors become more influential of foraging patterns in species which base their foraging strategy on maximizing digestibility, rate of digestion, and energy. The relationship between passage rate and rate of nutrient extraction may be important determinants of how well elephants can use a particular food source, and has been found to influence food choice in several groups of herbivores [17] . The selective feeding behaviour of elephants changes according to the season, and is dependent on the nutritional requirements and food availability during that particular period [18] .
Plant biomass densities are extremely relevant for studying the ecological carrying capacity of elephants' natural habitat, as the daily food consumption of ungulates is estimated at 7.1% of their metabolic body weight W 0.75 [13] , where W is the population's mean body weight. Pfeffer [19] suggests that an elephant can consume 100-200 kg of forage daily, depending on its size and the vegetation type available. These features make it possible to determine, for a given period, the number of elephants/day that a given pasture can support.
Although extensive ecological studies have been carried out on elephants in WNP and its surroundings [4] , studies of food supply for foraging elephants are lacking. In particular, there is very little research on the Tropical Conservation Science | ISSN 1940-0829 | Tropicalconservationscience.org 749 strategies that animals adopt to cope with a shortage of forage in the ecologically and economically important WNP. The WNP represents a critical area of biodiversity and high productivity in an otherwise dry area, where rainfall is uncertain and livelihoods are extremely insecure [20] . Just under 220,000 people are estimated to live in the Waza Logone region, including the WNP, approximately 60% of whom (or 85% of the rural population) rely on floodplain and wetland resources (plant and animal) for their basic income and subsistence. Savannahs are highly seasonal environments subject to fluctuations in the types and amounts of food that are available [13] . To determine whether food is the limiting factor for elephants, ecologists have searched for correlations between abundance, distribution, movement, and productivity of individuals and food supply [21, 22] . Others have tested the hypothesis that the number of animals is regulated by food in a density-dependent manner [23] . In order to determine whether the dry season migration of elephants outside WNP is due to a lack of sufficient forage inside the park, we assessed the food supply potentially available to the elephants within the WNP during the dry season, by estimating the biomass of available potential food plants. In this study, we used trees/shrubs and standing herbaceous plant crops as indicators of food supply.
Methods

Study area
The WNP is located in the Waza Logone floodplain, which comprises about 10% of the total surface area of major riverine wetlands in the West African Sahelian zone. The WNP is near Lake Chad in Northern Cameroon and lies between 11°00' -11°30' N and 14°30'-14°75' E ( Fig. 1) . It covers an area of approximately 170,000 ha with an average altitude of 300 -320 m. The park lies in the Chad depression in an area of low relief with no permanent rivers. Soils are mainly ferruginous tropical with various catenas, hydromorphic soils, and vertisols. The climate of the region is semi-arid, with a dry season extending from October to May. Rainfall is irregular, with an annual mean rainfall of 700 mm. The mean annual temperature is 28°C. Water continues to be one of the most serious problems for WNP. 
Habitat sampling
Sampling was conducted in the dry season from November 2009 to March 2010. An initial reconnaissance survey was conducted of different vegetation types, to select suitable sites for laying sampling quadrats. Plant standing biomass available for animals was then assessed using Floret [24] recommendations. Specifically, a non-destructive method was chosen to measure tree biomass, while herbaceous species were harvested, oven dried and then weighed. Sampling sites were selected to represent the "average" vegetation of the area, taking into account the environmental conditions and vegetation homogeneity. Sample units were defined as 900m 2 quadrats for woody species and 1m 2 quadrats for herbaceous species.
A total of 34 woody species quadrats with an area of 900 m² each (or 30 x 30 m) were selected, unequally distributed over the entire study area proportional to the size of each vegetation zoneb land zone, and 20 quadrats, regularly spaced 500 m apart along a 10 km line transect, in the floodplain (grassland) zone (Fig. 2) . In selecting the sampling quadrats, we chose those areas that were most representative of the overall vegetation in the park and areas known to be intensively used by elephants. For each quadrat, data on the plant species, structure, and biomass were collected once. All species of tree, shrubs and grasses were identified immediately in the field. All data in each quadrat were recorded on data sheets prepared for this purpose. The number of herbaceous quadrats within a vegetation zone, was dependant on the floristic composition of the herbaceous layer, being higher if more the layer was more heterogeneous. A total of 74 herbaceous species quadrats with a 1m 2 area (10 x 10 cm) were chosen; 15 were chosen in the woodland zone, 17 in the Acacia seyal zone, and 42 in the floodplain zone. The location of each quadrat was obtained using a Geographical Positioning System. For each sampled quadrat, a complete list of plants species present was compiled. It was not always possible to identify individual species because some annual grasses had already completed their life cycle.
Above-ground biomass of herbaceous species
In each 1m 2 sampling quadrat, all herbaceous species were clipped at 1cm above ground and weighed with a dynamometer to determine fresh matter weight. Later each sample was taken in a cloth bag to the laboratory and oven dried at 80°C for 24 hours, then weighed again to determine dry-weight. The mean value of the dry matter obtained within quadrats was converted into biomass expressed in tons of dry matter per hectare.
Above-ground biomass of shrubs/trees.
Methods used to estimate tree productivity are undeveloped, and detailed works have been restricted to relatively few sites [25] . One problem has been that different standards of measurement have been applied in different situations. In some cases, only the edible or accessible portions of the vegetation have been measured, while in others, total biomass production was determined. The plant parts that are accessible or usable by animals vary among species and environments, and there is considerable variation in production within species, which makes it difficult to obtain reliable data without increasing sampling time and cost. Also, determining the fresh weight of an individual tree by weighing all tree components or by sampling may be difficult because for relatively large trees, weighing of the entire tree can be quite time consuming and laborious. To minimize fieldwork, sampling procedures such as the use of radioisotopes are often applied. Unfortunately, this method was not accessible to us due to its cost.
The most common method for determining total above ground biomass or productivity is through the use of allometric equations. These equations predict biomass of individual plants or their components from some easily measured variables such as diameter and height [26] . In this study, we chose the approach of Brown [5] , which directly estimates biomass density using regression equations. These regression equations are mathematical functions that relate oven-dry biomass per tree as a function of a single or of multiple trees' dimension. They produce biomass estimates without having to make volume estimates, followed by the application of expansion factors to account for non-inventoried tree components [5] . Thus, within each sample unit, all trees' stem diameters at breast height (DBH) were measured. The basal area (BA) of individual stems was derived from the measure of stem diameter. The measurements of these indicator variables were related to actual recorded biomass.
Data compilation and analysis
Aboveground biomass of trees was calculated using the allometric equation adopted from Brown [5] applying the equation for dry zones with rainfall less than 900 mm/year, based on basal area and expressed as follows:
where Y is the aboveground biomass given in kg.tree -1 and BA the basal area of tree in cm park and over the entire study area. Aboveground biomass was compared between habitat types using oneway ANOVA.
Results
Distribution of trees across diameter classes
Juvenile individuals dominated the total structure of plants sampled, with the majority of trees having breast height diameters less than 20 cm within each vegetation type (Appendix 1). Large sized trees more than 25 cm in diameter at breast height are present in a scattered distribution, leading to low relative densities in onehectare sampling units. Trees of this size were more abundant in the woodland zone than in the Acacia seyal zone (Appendix 1).
Plant biomass of trees in different vegetation units
Woody vegetation in WNP averaged 13.93±7.3 tonsDM/ha of plant biomass (Table 1) , with no significant difference between the Acacia seyal and the woodland zones (p<0.05). There was a tendency for the woodland zone, on average, to have more tree biomass (16.87±6.52 tonsDM/ha) than the Acacia seyal zone (10.99±7.29 tonsDM/ha) (Appendix 2). The smallest plant biomass per unit area was found in quadrat number 6 of the Acacia seyal zone with 4.18 tonsDM/ha, whereas Quadrat number one in the same zone had the greatest plant biomass with an estimated 25.33 tonsDM/ha. 
Aboveground biomass of trees in different vegetation units.
The average biomass per species per unit area and their sampling proportion are presented in appendix 3. It shows that in the Acacia seyal zone some plant species stored relatively more biomass per unit area than others, despite having an overall low density. These include Balanites aegyptiaca (2.183 tonsDM/ha, 1.5%) and Acacia polyacantha (1.411 tonsDM/ha, 0.5%), whereas other species such as Acacia seyal stored relatively low biomass per tree on average (0.387 tons/ha) but present a relative density as high as 83.5%. Based on their relative proportion in total sampling, Acacia seyal was the most important species followed by Piliostigma reticulation, Combretum aculeatum, Ziziphus mauritiana, Balanites aegyptiaca, Crateva adansonii and others. The woodland zone is characterized by a diversity of woody species of various proportions, each contributing to the aboveground biomass. The pattern of biomass in trees observed in the Acacia seyal zone is the same as in the woodland zone. Some trees species such as Mytragimna inermis or Sclerocarya birrea stored biomass per tree averaging 5.4206 tonsDM/ha respectively, but their overall proportion of total biomass is low. However, no tree appears to constitute a highly dominant feature in this vegetation zone.
Aboveground biomass in herbaceous species under different vegetation units
The results indicate a great variation in the aboveground biomass in herbaceous species throughout vegetation types (F2,32 = 7.73, P = 0.002, R 2 = 33.3%, Table 2 ). On average, herbaceous biomass was greater in the floodplain zone than in the woodland zone, but did not differ significantly from that of the Acacia seyal zone ( Table 2 , Appendix 4). The breakdown of the herbaceous biomass per quadrat is presented in appendices 5, 6 and 7, where we can clearly see variation within vegetation type. Within the Floodplain zone (Appendix 4), the highest aboveground biomass of herbaceous species was found in quadrat 14 (11.67 tonsDM/ha) and the lowest was in quadrat 16 (3.87 tonsDM/ha). 
Overall productivity in trees and herbaceous species
The mean biomass production in trees and grasses per unit area was estimated at 13.863 ± 6.4 tonsDM/ha (Table 3) . Averages of aboveground biomass in trees and grasses were 13.93 ± 4.16 tonsDM/ha and 4.58 ± 2.164 tonsDM/ha, respectively. Table 3 gives the contribution of each plant group to the average biomass production within different vegetation zones. Overall, the aboveground biomass was higher in the Acacia seyal zone and the woodland zone than in the Floodplain zone (Table 3) . 
Discussion
This study is the first of its nature to examine the food supply for elephants in Cameroon and in the Central Africa region. Similar studies have been conducted elsewhere on birds [27] , using equations relating invertebrate prey size and biomass. In this study, trees size was related to biomass using Brown's [5] allometric equations. We found that, compared to the Acacia seyal zone, the woodland zone had a higher aboveground biomass, most likely because of the larger diameter of the trees sampled there. Indeed, biomass per tree increases geometrically with diameter [5] . In his study, de Bie [13] used estimates of woody foliage biomass as indicators of wildlife food supply from trees; this makes comparison with our average aboveground biomass estimates challenging. We took into account all aboveground organic matter present in trees, including leaves, twigs, branches, main bole and bark, as they are all accessible or usable by elephants, depending on the environment. Our reported average aboveground biomass in trees of 13.93 tonsDM/ha is lower than the 20 tonsDM/ha of the degraded tree savannah of Burkina Faso and even lower than the 28 tonsDM/ha of the tree savannah of Gambia [5] . This is surprising given that the biomass estimates of these habitats in the other studies were based on trees with a minimum diameter at breast height of 10 cm, compared to a minimum of 1.5 cm for this study. This illustrates that the trees in the WNP do not have a large contribution to the park's biomass.
The comparison of the herbaceous layer in the three vegetation zones shows that this layer is most abundant in the floodplain zone and declines through the Acacia seyal zone and through to the woodland zone. This pattern follows the increase in canopy cover over these vegetation zones, which reduces light at ground level and suppresses herbaceous growth, as pointed out by Ouedrago [28] . Our estimate of the overall average biomass of herbaceous species, at 4.58± 2.164 tonsDM/ha, corresponds well with data from elsewhere in the Sudan savannah (Table 4 ). These data suggest that there are variations in the estimation of the total biomass of herbaceous plant production, which may be site specific due to differences in topography and soil type, in combination with the effect of local water infiltration and the spatial redistribution of water run-off [29, 30] . Specifically, these variations were related to the differences in topography and soil texture that affect the infiltration rate of rainwater [13] , which may also be the case in our study area. Thus the differences in soil type, ranging from sandy to compact clay soil in the woodland zone, to black clay soil in the Acacia zone and hydro-morphed soil in the floodplain, may also account for much of the local variation found in the biomass production of herbaceous plants in the WNP. Finally, rainfall alone does not determine the total aboveground biomass of plant production; factors like nutrient availability influence aboveground biomass of plant production, and might also influence their value for elephants or other herbivores.
We were not able to provide firm numbers for the carrying capacity for elephants or other large herbivores in the park from our study due to its limited scope. However, with an estimated population just below 500 individuals [1] combined with seasonal migration patterns showing only about half of the elephant population remaining permanently in the park, there may already be a mismatch between the elephants' population size and their habitat, calling for close monitoring of their activity to be implemented. Clearly, water and forage being the most limiting factors in the park, their use by elephants should be monitored in order to determine a realistic carrying capacity.
The actual harvestable food supply for elephants is much less than the estimated aboveground biomass. Several factors influence the available phytomass. Indeed, factors like fire, drought, and extreme temperatures account for most of the variations in aboveground biomass, which was observed within our study when comparing quadrats from the different vegetation types. In the wet and early dry season, grazing herbivores have three to four times more phytomass to feed on than browsing herbivores, however this amount changes towards the end of the dry season [13] . However, bush fires in the dry season remove high amounts of aboveground biomass, which is then unavailable to the herbivores of the savannah, changing the distribution of available food sources for the grazers and browsers in the park. For example, just after these fires, there may be more woody foliage to browse than there is grass to graze. This observation is supported by the biomass pattern of trees and herbaceous species, where trees contribute more than 70% of the aboveground biomass in the study area. The scale of these changes, especially concerning the quantity of available forage, strongly determines the long-term suitability of certain areas for sustaining viable populations of herbivores, including elephants [13] . Differences in body mass, together with the available food resources in an area, could determine the size of each population of herbivores [31] .
We concluded that in our study area, where mean annual rainfall varies between 600-800 mm per annum, an estimated average aboveground biomass of biomass of 13.87 tonsDM/ha was potentially available to elephants and other herbivores. The actual harvestable food supply for elephants will certainly be a small fraction of this estimate, however this estimated value is higher than in other areas with similar rainfall. It appears that rainfall alone cannot determine the level of forage production; differences in topography and soil texture may also be important factors. The highest level of forage herbaceous biomass production was found in the floodplain zone, due to greater canopy cover reducing the herbaceous layers in the other two vegetation zones. The tree biomass was higher in the woodland zone than in the Acacia seyal zone due to larger sized trees in the woodland zone increasing the total biomass.
Our findings may partly explain the migratory status of at least some of the individuals leaving the park every year and returning to the WNP in a potentially seasonal migratory pattern. Water availability and distribution were reported to be the most important factors influencing elephant movements in WNP [4] , making the Acacial seyal vegetation zone, with two artificial waterholes, the best available habitat during the dry season.
However it was also noted that vegetation types such as the woodland savanna, which are normally avoided during the dry season, were utilized to a greater extent by elephants during the wet season. These findings indicate that estimates of carrying capacity for elephants will have to take into account ecological factors such as water availability, and nutritional values of trees and grasses.
Implications for conservation
It has been highlighted that during the beginning of the dry season, many elephants break out of the WNP and migrate to Kalamaloue National Park, Cameroon [3] . Whether this is due to food scarcity inside the park is still to be confirmed, however when they leave the park the elephants roam the neighbouring cultivated fields, damaging local people's crops. The traditional management of WNP has consisted mainly of the early bush fires and rehabilitation of water holes, but this has appeared insufficient for its elephant population. These management tools should be reinforced and developed by increasing the number of waterholes and ensuring that the population size is suitable for the current habitat. Recent researches suggest that a combination of approaches, taking into account the ecological and biological needs of elephants [14, 32] , must be implemented for a better management and conservation plan. Indeed, a conservation strategy, incorporating both Waza and Kalamaloué national parks linked by a 'corridor' including areas south of Waza, will benefit both elephants and humans, and will ensure the sustenance of a healthy elephant population in WNP for the future.
To manage WNP's habitat properly, habitat conditions must be improved to enable the elephant population to acquire most of its forage from natural feeding sources inside the park, rather than turn to croplands adjacent to the park. The estimated plant biomass represents an average for the entire dry season in the study area. This estimated value is more useful for long-term planning purposes than for predicting dry-season forage production in particular years. It is understood that in years of extreme climatic conditions (e.g. severe drought), the situation may be different, with a reduced biomass available to the elephants. Continuous measurements of forage production during this critical period of the year, as well as during wet seson, is necessary to generate a database to make long-term predictions of forage production in the WNP, and in order to suggest the number of elephant and other wild herbivores that the park could sustainably support. 
